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ABSTRACT
We present results of numerical simulations of superfast impact ionization fronts in initially unbiased
layered semiconductor structures. We demonstrate that when a suciently sharp voltage ramp
A > 10
12
V=s is applied in the reverse direction to an initially unbiased Si p
+
  n   n
+
-structure
connected in series with a load R, then after some delay the system will reach the high conductivity
state via the propagation of a superfast impact ionization front which leaves a dense electron-hole
plasma behind. The front travels towards the anode with a velocity v
f
several times larger than
the saturated drift velocity of electrons v
s
. The excitation of the superfast front corresponds to the
transition from the common avalanche breakdown of a semiconductor structure to a collective mode
of streamer-like breakdown.
For a structure with typical thickness of W  100 m, rst there is a delay of about 1 ns during
which the voltage reaches a value of several kilovolts. Then, as the front is triggered, the voltage
abruptly breaks down to several hundreds of volts within  100 ps. This provides a voltage ramp of
up to  2 10
13
V=s, hence up to 10 times sharper than the externally applied ramp. We unravel the
source of initial carriers which trigger the front and explain the origin of the time delay in triggering
the front. Further we identify the mechanism of front propagation and discuss the possibility to
excite superfast ionization fronts not in layered structures but in bulk semiconductors.
2000 Mathematics Subject Classication: 35B30, 78A20.
Physics and Astronomy Classication Scheme (PACS) numbers: 85.30.Mn,72.20.Ht,05.65+b
Keywords and Phrases: Front propagation, ionization fronts, impact ionization, semiconductor
switches
Note: The work was performed in CWI-project MAS 1.4 Pattern Formation and low temperature
plasmas in collaboration with Ioe-Institute St. Petersburg.
Visits of P.R. to Amsterdam have been supported by the Max-Planck-Gesellschaft, by CWI, and
by the Dutch physics funding agency FOM. U.E. was partially supported by the Netherlands Orga-
nization for Scientic Research NWO. The paper was submitted to Physical Review B on July 6,
2001.
1
I. INTRODUCTION
Traveling front patterns are common nonlinear phe-
nomena in various spatially extended systems far from
equilibrium
1{3
. In gases and solids exposed to a strong
external electrical eld, a conducting region might pen-
etrate an essentially nonconducting region in the form
of a eld driven impact ionization front. The front is
characterized by a space charge that screens the electric
eld from the highly ionized plasma region. Depending
on the initial degree of ionization, the polarity of the
applied voltage and on the importance of nonlocal ion-
ization reactions, the ionization process takes place in-
side or in the vicinity of the screening front
4{17
. The
structure of the impact ionization front transverse to the
direction of front propagation depends on the experi-
mental setup, e.g., on the form of the electrodes and
other outer boundaries, the voltage, etc.: In long nar-
row glass tubes lled with gas, planar ionization fronts
have been observed
6
, whereas in many other discharges
in gases or solids the ionization front propagates at the
tip of a long and narrow highly conducting channel, the
so-called streamer
4{16
, and the propagation process is es-
sentially three-dimensional. Ionization fronts of various
shapes | plane fronts, nger-shaped streamers, concen-
trical fronts in samples with Corbino geometry etc. |
have been observed in semiconductors, including bulk
semiconductors
7
, semiconductor lms of dierent con-
tact geometries
3
and layered structures of semiconductor
devices
18{20
.
In this article we deal with superfast impact ionization
fronts in layered semiconductor structures which propa-
gate many times faster than the saturated drift velocity
of free carriers v
s
and create a dense electrically screened
electron-hole plasma. The superfast front velocity indi-
cates that the front propagation represents a collective
phenomenon which makes this mode of impact ioniza-
tion breakdown important from a fundamental point of
view and also provides the basis of numerous applica-
tions. This spectacular mode of the impact ionization
breakdown of layered p
+
  n  n
+
  structures has been
discovered several decades ago
21{25
and is often coined
as TRAPATT-mode
22
(for "TRApped Plasma Avalanche
Triggered Transit"). It underlies the operation of devices
such as TRAPATT-diodes
22
used as microwave genera-
tors (output pulse power 10
3
W) and silicon avalanche
sharpening diodes (SAS) used in pulse power electronics
(output pulse power 10
7
W)
23{28
. A TRAPATT-diode
is operated in a regime of periodic oscillations where the
impact ionization fronts almost immediately follow each
other, so that the nonequilibrium carriers from the pre-
vious front passage play an essential role in the excita-
tion of the next front. In contrast, for pulse sharpening
diodes the time interval between two subsequent front
passages is large compared to the system relaxation time
and each excitation of a front represents an independent
event. Here we concentrate entirely on the last situation.
Superfast impact ionization fronts are known to oc-
cur in p
+
  n   n
+
 structures that initially are sub-
ject to a reverse bias V
0
which is closely below the volt-
age of stationary avalanche breakdown U
a
23;25{28
. If
the applied reverse voltage is being further increased like
V (t) = V
0
+A t with a suciently high rateA, the impact
ionization starts near the p
+
 layer, where the electrical
eld takes its maximal value, and develops into an im-
pact ionization front which travels towards the n
+
 layer
with a velocity v
f
> v
s
. It leaves a dense electron hole
plasma behind with an electron concentration N much
higher than the doping level in the n base N
d
.
The main purpose of this article is to demonstrate that
the initial bias V
0
is in fact not needed, and switching due
to the propagation of a superfast front can be succesfully
achieved in initially unbiased structures for V
0
= 0. We
present numerical simulations of this mode of impact ion-
ization breakdown. We unravel the source of mobile car-
riers that initialize the impact ionization and that pro-
vide the background ionization needed for propagation
with velocity v
f
> v
s
. We argue that the excitaton of
the superfast front generally corresponds to the transi-
tion from the common avalanche breakdown of a semi-
conductor structure to a collective mode of streamer-like
breakdown and relate the impact ionization fronts in lay-
ered semiconductor structures to theoretical studies of
streamer propagation in gases and solids
10{16
.
The paper is organized as follows. After introducing
the semiconductor structure and the physical model in
Sec. II, in Sec. III we present results of numerical simu-
lations for one typical set of parameters and describe the
main stages of the superfast switching process. Here we
also discuss the applicability of the continuum approx-
imation to our problem. Sec. IV deals with the ques-
tion how the switching process depends on the structure
length and the voltage ramp applied to the device. In Sec.
V, we discuss the mechanism of front propagation and the
avalanche-to-streamer transition occuring at the moment
when the front is triggered. In Sec. VI, we compare ion-
ization fronts in initially unbiased and biased structures
and survey alternative sources of initial carriers which
can trigger the front. Sec. VII briey summarizes our
results.
II. THE MODEL
The excitation of impact ionization fronts has been ob-
served in experiments in the large family of Si
23;24;29;30
or GaAs
31{33
layered semiconductor structures. Here we
shall concentrate on the basic case of a Si diode p
+
 n 
n
+
 structure with sharp p
+
 n and n n
+
 transitions.
Typical parameters are the following: the width of the
n base W is 100 to 300 m, the area S of the cross-
section transverse to the direction of current is approx-
imately 0.005 to 0.05 cm
2
, the doping levels are N
d

10
14
cm
 3
in the n base, and N
+
a;d
 10
19
  10
20
cm
 3
2
in the contact p
+
  and n
+
 layers, respectively. The
device is connected to the voltage source V (t) in series
with the load resistance R  50   100 
 as sketched in
Fig. 1 and operated at room temperature. Note that we
have chosen to put the n
+
 contact on the left hand side
at z = 0 in all gures and equations throughout the pa-
per. This choice allows us to work with positive electrical
elds for reverse bias.
The dynamics of charge carriers is described in the
drift-diusion approximation by the following standard
set of continuity and transport equations
@n
@t
 r 
J
n
q
= G(n; p; jEj); (1)
J
n
q
= v
n
(jEj)
^
e n+D
n
rn;
@p
@t
+r 
J
p
q
= G(n; p; jEj); (2)
J
p
q
= v
p
(jEj)
^
e p D
p
rp;
together with the Poisson equation for the electric eld
r E =
q
""
0

p  n+N
d
(z) N
a
(z)

; (3)
E =  r;
^
e =
E
jEj
:
Here n and p are concentrations of electrons and holes,
respectively.  and E are electrical potential and eld,
q > 0 is the elementary charge, and J
n;p
are the current
densities carried by electrons and holes, respectively. "
and "
0
are the permittivity of the material and the ab-
solute permittivity. D
n;p
are the diusion coecients of
electrons and holes. N
d
(z) and N
a
(z) are the concen-
tration of donors and acceptors, respectively, which form
the doping prole of the p
+
 n n
+
 structure along the
z{direction.
We here assume that all processes are uniform in the di-
rections orthogonal to the cathode-anode direction z. We
hence neglect transverse instablities of a planar front
34{38
and consider the problem in a one-dimensional approxi-
mation. Next, given the fact that physical processes rele-
vant for the propagation of the ionization front develop in
the bulk of the n base, we restrict our consideration to
the n base area 0 < z < W . We impose mixed bound-
ary conditions for concentrations @
z
n = 0, p = 0 at z = 0
and @
z
p = 0, n = 0 at z = W , that reect the dierent
eect of the contact p
+
  and n
+
 layers on electron and
hole concentrations in the n base. Since N
+
a;d
 N
d
the
voltage drop at the contact layers is also negligible.
We set the potential (W; t)  0 for all times t and
denote the voltage applied to the device with U(t) 
(0; t) > 0. It is related to the voltage V (t) > 0 of the
power source by Kirchho's equation
V (t) = U(t) +RS J(t); (4)
J(t)  J
n
(z; t) + J
p
(z; t) + ""
0
@E(z; t)
@t
; (5)
where J(t) is the total (conductive and displacement)
current density in the system which is conserved in space
@
z
J = 0 in one-dimensional systems, S is the area of the
cross-section and E  E
z
. Averaging (5) over the system
length, we represent (4) as
39;3
RC
dU
dt
= V (t)  U  
RS
W
Z
W
0
(J
n
(z; t) + J
p
(z; t)) dz; (6)
C =
""
0
S
W
;
where C is the intrinsic capacitance of the semiconductor
structure.
The applied voltage V (t) typically represents a sinu-
soidal pulse V (t) = V
0
+V
1
sin (2t=T ), or a combination
of such a pulse for t < T=4 with a plateau V = V
0
+ V
1
for t > T=4. Since the duration of the fast impact ion-
ization breakdown is usually smaller than T=4, in most
cases the applied voltage can be approximated by the
linear function
V (t) = V
0
+A t; A  2V
1
=T; (7)
where A is the voltage ramp.
For the dependencies of electron and hole velocities v
s
and v
p
on the electrical eld E in Si, we use the simplied
version of the approximation suggested in Ref. 40
v
n
(jEj) = v
s
jEj
E
sn
+ jEj
; v
p
(jEj) = v
s
jEj
E
sp
+ jEj
; (8)
where v
s
= 10
7
cm=s; (9)
E
sn
= 8:0  10
3
V=cm; E
sp
= 2:32  10
4
V=cm:
These approximations describe the monotonic transition
from the low-eld Ohmic regime v
n;p
(E) = 
n;p
E (low-
eld mobilities are given by 
n;p
= v
s
=E
sn;sp
) to the
high-eld transport with saturated drift velocity v
s
due
to the scattering of carriers on optical phonons. Diu-
sion coecients are determined by the Einstein relation
D
n;p
=
n;p
= kT=q, where T is the temperature and k is
Boltzmann's constant.
The term G(n; p; jEj) describes the generation of
charge carriers due to impact ionization both by elec-
trons and holes. It is chosen as
G(n; p; jEj) = 
n
(jEj) v
n
(jEj)n (n  n
cut
) (10)
+ 
p
(jEj) v
p
(jEj) p (p  p
cut
);

n
(jEj)  
ns
e
 b
n
=jEj
; 
n
(jEj)  
ps
e
 b
p
=jEj
; (11)
where (x) is the step-function, and the impact ioniza-
tion coecients and the characteristic elds are given
by
41

ns
= 7:4  10
5
cm
 1
; 
ps
= 7:25  10
5
cm
 1
;
b
n
= 1:1  10
6
V=cm; b
p
= 2:2  10
6
V=cm: (12)
3
The cut-os n
cut
and p
cut
have been introduced in (10)
to exclude unphysical eects which otherwise appear for
concentrations below the limits of the continuum approx-
imation. The necessity and validity of these cut-os will
be discussed in Sec. III.E.
The electrical elds relevant to the propagation of im-
pact ionization fronts correspond to the interval 2  10
5
 
4  10
5
V=cm, In this interval the impact ionization co-
ecients (11) rapidly increase with electrical eld. The
eld E
a
 2  10
5
V=cm can be considered as an eec-
tive threshold of the impact ionization. Since E
s
 E
a
,
the drift velocities are saturated in the impact ionization
region.
On nanosecond time scale recombination can be ne-
glected. Though the diusion term is taken into account
in the transport equations (1), (2), the diusion turns
out to be negligible compared to the drift and has no
impact on our results.
For the numerical simulation a uniform space-time grid
has been selected. The spatial discretization is based on
a conservative formulation, in terms of uxes describing
the inow and outow over cells [x   x=2; x + x=2],
where x is the grid width in space. The number of
grid points used in these simulations was of the order of
several thousands both in time and space, to obtain suf-
ciently accurate numerical results. The diusive uxes
have been approximated in a standard fashion
42
with sec-
ond order accuracy. For the convective uxes a third or-
der upwind biased formula has been chosen in order to
reduce the numerical oscillations that are common with
second order central uxes. Time discretization is based
on a second order backward dierentiation formula. The
temporal backward dierentiation formula gives an im-
plicit system that is solved at each time step. For reasons
of accuracy the time step t is chosen small compared to
x=v
s
, where v
s
is the upper bound of the drift (convec-
tive) velocity, and with such small step size the implicit
system can be solved by a straightforward functional it-
eration. Details on these spatial and temporal discretiza-
tions can be found in Ref. 43.
III. NUMERICAL SOLUTIONS - THE BASIC
EXAMPLE
In this section we present numerical solutions of our
model for a typical set of parameters: the width of the
n-base is taken to be W = 150 m, its doping levels are
N
d
= 10
14
cm
 3
and N
a
= 0, and its transverse area is
S = 0:02 cm
2
. The resistance of the load is R = 50 
.
The voltage ramp is A = 2 kV=ns, the initial voltage
V
0
= 0. The cut-o at low concentrations is taken as
n
cut
= p
cut
= 10
9
cm
 3
.
The basic features of the numerical solution for these
parameters are summarized in Fig. 2 which shows the
voltage at the device U(t) and the total current through
the device I(t) = S J(t). Up to the time t  1:5 ns, the
voltage U(t) follows the increase of the applied voltage
V (t) and reaches the value U  3 kV which exceeds the
voltage of stationary breakdown
18
U
a
 1:7 kV nearly
twice. Within the next approximately 230 ps, it drops
to the residual voltage U
a
 450 V, so that suddenly
almost the complete V (t) is applied to the external load
R. The abrupt decay of U(t) after t  1:5 ns shows a
"ne structure" at t  1:6 ns, reecting a change in the
internal breakdown dynamics. The average voltage drop
jdU=dtj  10 kV=ns during the switching indicates a sub-
stantial sharpening of the externally applied pulse V (t).
In the following subsections we discuss the dier-
ent stages of the internal dynamics which underlie this
switching process. The corresponding spatial proles at
dierent time steps are shown in Fig. 3.
A. The latent stage (Fig. 3(a), 0 < t < 1:47 ns)
Initially the n base is neutral since the major carriers
(electrons) compensate the space charge of the donors:
n  N
d
= 10
14
cm
 3
. At room temperature, the con-
centration p  N
T
 10
5:::6
cm
 3
of the minor carriers
(holes) is much lower than N
d
and can be neglected.
As the voltage applied to the device increases, the ho-
mogeneously distributed electrons drift towards the n
+
{
contact where they are being extracted from the n{base.
The moving electron package leaves naked donors be-
hind. Consequently, the device splits into depleted re-
gion, which is free of major carriers, and neutral region,
where the major carriers are still present. The slope of
the electrical eld in the depleted region is determined
by the space charge of naked donors: dE=dz = qN
d
=""
0
.
The electric eld E
0
(t) in the neutral region is constant in
space: dE
0
=dz = 0. In the following, we will refer to the
boundary between these two regions as to the extraction
front. The velocity of the extraction front is the electron
drift velocity v
n
(E
0
) corresponding to the electrical eld
E
0
in the neutral layer. It is bounded from above by the
saturated drift velocity v
s
.
Although the maximum value of the electrical eld
which is reached at the right boundary, already for t >
1 ns overcomes the eective threshold E
a
 2  10
5
V=cm
of impact ionization in Si, the ionization in the depleted
region does not develop due to the absence of initial car-
riers. Rather, with increase of the applied voltage a mod-
erate impact ionization by electrons starts in the neutral
region: despite of the relatively low electrical eld E
0
,
the ionization reaction does develop due to the high elec-
tron concentration n  N
d
. Though the total amount of
generated free carriers is much smaller than N
d
, a sub-
stantial concentration of holes p  10
12
cm
 3
much big-
ger than the thermal ionization N
T
is generated in the
neutral region. The holes move to the right and even-
tually penetrate the region of high electric eld near the
p
+
{contact.
4
B. Triggering of the impact ionization front
(Fig. 3(b), 1:47 ns < t < 1:60 ns)
As soon as drifting holes reach high electrical elds in
the depleted region, the impact ionization by holes be-
comes ecient (curve 4 on Fig. 3(a) shows the beginning
of the avalanche multiplication in the depleted region).
The generated electrons and holes in the high eld region
then multiply further and eventually form the nucleus of
an electron-hole plasma capable to screen the electrical
eld [cf. curve 2 in Fig. 3(b)]. Since the concentration of
holes that initialize the impact ionization decreases to-
wards the right, the multiplication process does not start
exactly at the right boundary of the n{base where the
electric eld is maximal. But within approximately 50 ps,
the generated electron{hole plasma completely screens
the electric eld inside the nucleus. The charge gener-
ation by impact ionization continues on the left side of
the nucleus where the eld remains high, providing the
basis for further expansion of the conducting region into
the depletion region in the form of a propagating impact
ionization front.
The screening of the electric eld, that is due to the
collective dynamics of electron and holes, is the cen-
tral feature of the breakdown mode under considera-
tion here. It makes this mode essentially dierent from
the conventional avalanche scenario of impact ionization
breakdown
18
, where electrons and holes drift apart dur-
ing the ionization process. We discuss this transition in
more detail in Sec. V.
At the moment when the impact ionization front is
triggered, the extraction front has not necessarily reached
the n
+
{contact, and there can be a high concentration of
electrons n  N
d
at the left side of the n base. There-
fore, in general, the impact ionization front and the ex-
traction front can coexist in the system for some time.
C. Propagation of the impact ionization front
(Fig. 3(c), 1:60 ns < t < 1:66 ns)
The third stage corresponds to the propagation of the
impact ionization front whose velocity v
f
exceeds the sat-
urated drift velocity v
s
. For the parameters correspond-
ing to Figs. 2,3 we obtain v
f
 5v
s
. Hence the superfast
front propagation is a collective process which is not di-
rectly based on the drift motion of the individual carriers.
The velocity v
f
> v
s
becomes possible due to the local
multiplication of a small amount of mobile carriers that
are present in the depleted region. These carriers are
holes that are being generated in the neutral region on
the left and drift to the high eld region on the right. The
inner structure of the superfast front and the mechamism
of its propagation are discussed in more detail in Sec. V.
The current density and the maximum electrical eld
increase as the front propagates. Consequently, the
plasma concentration behind the front also increases.
Since the front velocity is much higher than the saturated
drift velocity, the concentration proles in the plasma be-
hind the front remain frozen. Due to the interaction with
the external load the voltage at the device decreases with
increase of the current.
As the front propagates, the electrical eld at the right
side of the system starts to increase again due to the
separation of the generated electrons and holes near the
p
+
 n junction. Electrons move to the left and holes to
right. This leads to the formation of a positively charged
layer adjacent to the right boundary.
D. Collision of the impact ionization front and the
extraction front (Fig. 3(d), 1:66 ns < t < 1:73 ns)
If all major carriers are removed from the system before
the ionization front reaches the n
+
 contact, it continues
to propagate up to the moment when the whole n base
is lled with a dense electron-hole plasma. Otherwise
the ionization front and the extraction front collide. Af-
ter the collision the character of the process changes due
to the presence of a high concentration of major carri-
ers in the area with strong electrical eld: the ionization
front passage is essentially terminated and we observe a
quasiuniform impact ionization in the neutral area. As
the concentration increases, the electrical eld on the left
side of the structure decreases (Fig. 3(d), curves 1,2,3).
For the chosen set of parameters this stage is not very
well pronounced, since the extraction front is close to the
n
+
 layer at the moment of collision. However, the sit-
uation becomes dierent in longer structures as well as
for an earlier start of the impact ionization front caused
by a higher voltage ramp applied to the device. Regimes
with and without collision are both possible depending
on the n base length W , the voltage ramp A and the
initial bias V
0
.
We should stress that generally the propagation of an
ionization front generates a much higher concentration of
free carriers than quasiuniform breakdown. Indeed, dur-
ing the fast propagation of an impact ionization front,
a region of high electric eld passes through the device
and hence the ionization always develops in high electri-
cal eld. This results in high concentration of plasma be-
hind the front. (A simple evaluation in the spirit of Ref.
22 gives N
d
(v
f
=v
s
) as a lower bound for plasma concen-
tration.) In contrast, for uniform breakdown an increase
of concentration is immediately followed by a decrease of
electrical eld due to the coupling to the external load,
and high concentrations never can be reached. Therefore
the collision between the two fronts should be avoided in
applications.
After the switching the voltage at the device exhibits
small amplitude oscillations (see Fig. 2). These oscilla-
tions are due to a sequence of impact ionization break-
downs near the right boundary of the n base, in the
vicinity of the p
+
 n junction. The mechanism of these
breakdowns is as follows. As we mentioned in Sec. IIIC,
5
the voltage at the reversely biased p
+
 n junction starts
to recover already during the stage of front propagation.
This happens due to the separation of electrons and holes
near the p
+
  n junction. Whereas electrons leave this
area drifting to the left, holes that drift to the right are
constantly supplied by the plasma region. This leads
to the formation of a positively charged region at the
right side of the n base. Due to the high concentra-
tion of holes p  N
d
, the slope of the electrical eld
dE=dz = q(p+N
d
)=""
0
in this region is orders of magni-
tude higher than in the depleted region. Thus the thresh-
old of impact ionization E
a
at the right boundary can be
reached again. As soon as it happens, an electron pack-
age, or an avalanche, is generated at the right bound-
ary and the eld again drops below the threshold. Due
to the generated current pulse the voltage at the device
decreases. The electrical eld remains below the thresh-
old during the drift of the electron package to the left.
Then the eld increases again and the next avalanche is
generated. (This mechanism resembles the mechanism
of IMPATT (for \Impact Ionization Avalanche Transit
Time") oscillations known in microwave electronics
18;19
).
This process is not sucient for supporting the conduc-
tion state of the device and small amplitude oscillations
are accompanied by a gradual increase of the average
voltage.
E. Applicability of the continuum appoximation
Above we have shown that in unbiased structures the
front is triggered by holes which are generated in the neu-
tral layer and then drift through the depleted layer to
the p
+
- contact where the electrical eld takes its maxi-
mum value. When modelling the triggering process in the
continuum approximation, we face a crucial problem re-
lated to so small hole concentrations that the continuum
approximation ceases to be valid. This problem man-
ifests itself in the following artefact: impact ionization
by electrons in the neutral layer generates holes with the
unphysically small concentration p  V
 1
, where V is
the system volume. These fraction of holes drift towards
the p
+
-contact where their concentration grows exponen-
tially in the high electrical eld, reaches the physically
relevant level p V
 1
and eventually triggers the prop-
agation of the impact ionization front. Consequently, the
simulations predict that the front is triggered by any con-
centration of free carriers generated in the neutral area,
even if this concentration corresponds to a small fraction
of a hole in the complete volume of the device. This result
might be either quantitatively or qualitatively wrong: in
the rst case the front is predicted to start too early and
therefore it propagates at a lower voltage. In the sec-
ond case, impact ionization in the neutral area is in fact
totally incapable of triggering the front because the elec-
trical eld is unsucient. Thus straightforward modeling
in the framework of the continuum approximation might
lead to qualitatively wrong results. Since the velocity
of the superfast front depends only logarithmically on
the background ionization level in the depleted region
22
,
such simulations give plausible results for the front ve-
locity and the switching time, and the mistake is hard to
detect.
In order to overcome this problem, we propose the
modied generation term (10) which incorporates the
cut-o of the ionization reaction for unphysically low con-
centrations. The threshold concentrations n
cut
, p
cut
are
related to the lowest relevant concentrations which can
be treated in continuum approximation. To check the
relevance of such an approach, we have studied how the
solutions depend on n
cut
; p
cut
. The example described in
the previous section has been calculated for n
cut
= p
cut
=
10
9
cm
 3
which corresponds to an average distance be-
tween carriers  10 m. In Fig. 4 this transient is shown
again in curve 3, whiles curves 1, 2 and 4 show the same
process, but with n
cut
= p
cut
= 0; 10
6
; 10
10
cm
 3
, re-
spectively. Regardless to the cut-o level, the superfast
switching remains qualitatively the same and the main
phases of the process are the same. Quantitatively, how-
ever, for lower cut-o the switching process starts ear-
lier, develops more slowly and results in a higher resid-
ual voltage. All these eects are due to the earlier start
of the impact ionization front that, in turn, leads to a
slower propagation in a lower electrical eld and a well-
developed collision of ionization and extraction fronts.
We conclude that though the continuum model is not ca-
pable to provide accurate quantitative predictions, our
results are essentially robust with respect to the cut-o
level. In the case under consideration, the impact ioniza-
tion in the neutral area is indeed sucient for triggering
the front.
In Fig. 5 we show the amount of holes generated in
the neutral region as a function of the voltage ramp A
for dierent regimes. The hole concentration vanishes
with decreasingA, especially in initially biased structures
(Fig. 5 (b,c)), and the corresponding triggering mecha-
nism ceases to exist. One of the important implications
of the Fig. 5 is that the minimal physical model eval-
uated in this article is not capable to describe switch-
ing of impact ionization fronts for the conditions of the
original experiments
23{25
: long (W > 200m) and ini-
tially biased structures (V
0
> 400V ) and moderate volt-
age ramps A  1   2 kV=ns. Sec. VI contains a further
discussion of this problem.
IV. DEPENDENCE ON THE STRUCTURE AND
CIRCUIT PARAMETERS
A. Inuence of the system length
In Fig. 6(a), the transient U(t) is shown for dier-
ent system lengths W = 50; 100; 150; 200 and 250 m
(curves 1, 2, 3, 4 and 5, respectively). All other pa-
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rameters are kept as in the basic example in Sec. III.
With decrease of the system size the switching occurs
earlier and develops faster. In shorter structures, the ini-
tial nucleus of electron-hole plasma becomes large com-
pared to the system sizeW and a substantial voltage drop
takes place already at the nucleation phase, whereas the
stage of front propagation becomes less pronounced. As
a result the ne stucture of the U(t) transient disap-
pears, and the voltage at the device during the switching
drops smoothly. Since the extraction front reaches the
n
+
 contact earlier, the ionization front and the extrac-
tion front do not collide. Rather the ionization front
propagates over the whole length of the n base. This
fact together with the higher average electrical eld in
a short structure, eciently create a high conductivity
throughout the whole structure and make the residual
voltage as low as 70 V forW = 50 m (Fig.6(a), curve 1).
In long structures the collision of ionization front and
extraction front is unavoidable. Since the growth of con-
ductivity by quasiuniform ionization after this collision
is less ecient than the previous process, the residual
voltage increases and becomes as large as 800 V for
W = 250 m (Fig. 6(a), curve 5). Next, in presence
of a thick neutral layer which acts as an internal Ohmic
resistance, the voltage on the device at the initial stage of
front propagation even increases. As a result, the inec-
tion of the U(t) dependence (curve 3) that corresponds
to the transition from the nucleation stage to the front
propagation stage, grows further (curve 4), and the de-
pendence can even become non-monotonic (curve 5).
The maximum voltage at the device increases almost
linearly from 1:3 kV to 4 kV with the system length. The
voltage ramp during the switching j(dU=dt)
down
j has its
maximum value of 10 kV=ns for W = 100; 150 m. It
decreases with both increase and decrease of the sys-
tem length to values of 8:9 kV=ns and 7:4 kV=ns for
W = 50m and W = 250m, respectively. In sum-
mary, shorter structures switch faster and have a lower
residual voltage but commutate less power per pulse.
B. Inuence of the voltage ramp
In Fig. 6(b) we present U(t) transients for dierent
voltage ramps while all other parameters are kept as in
the basic example. The maximum voltage at the device
at the moment of switching is about  2:8 kV for all
transients, whereas the delay time, the switching time
and the residual voltage are substantially dierent.
An increase of A leads to a higher electrical eld and
a more ecient generation of initial carriers in the neu-
tral layer. The ionization front is triggered earlier. Then
unavoidably ionization front and extraction front collide.
As a result, the residual voltage increases and reaches
 800 V for A = 4 kV=ns (Fig. 6(b), curve 4).
A decrease of the voltage ramp A increases the delay
of switching and ensures that the ionization front passes
through the whole length of the n base, so that the
residual voltage is low (  200 V for A = 1:6 kV=ns).
However, with a further decrease of A we do not observe
triggering anymore since the electrical eld in the neutral
region region becomes too low to generate initial carriers.
In the next section we discuss the mechanism of super-
fast front propagation and relate the ionization fronts in
layered structures to other ionization fronts and stream-
ers in gases and solids.
V. TRIGGERING AND PROPAGATION OF THE
SUPERFAST FRONT
A. The mechanism of propagation
The mechanism of superfast (v
f
> v
s
) propagation of
the ionization front is based on generation of electron-
hole plasma by the impact ionization followed by screen-
ing of the applied electrical eld due to the Maxwell relax-
ation. Due to the propagation of the front, the temporal
sequence of plasma generation and screening becomes a
spatial sequence. Fig. 7 shows the inner structure of the
propagating front: the electric eld prole, the concen-
tration proles, the generation term G (10) and the space
charge of the mobile carriers are shown at some instant of
time. On the left, the electrical eld increases due to the
space charge of naked donors, while the space charge of
mobile carriers is negligible. The impact ionization wave
consists of an impact ionization region (G > 0, see curve
5) followed by a region of electric screening (see curve 4).
The position of the screening region roughly coincides
with the concentration front - the edge of the plasma
region. The density of mobile carriers in the impact ion-
ization region increases until the electric eld is screened
by the Maxwell relaxation of the generated electron-hole
plasma. Due to the pre-ionization (a small amount of mo-
bile carriers in the depleted layer), the edge of the plasma
region can move faster than the drift velocity of the in-
dividual carriers due to the local multiplication of exist-
ing carriers. In the system under consideration, these
initial carriers are holes that are being generated by im-
pact ionization in the neutral layer on the left and that
drift into the high-eld region on the right. (Alternative
sources of initial carriers that can become important for
other experimental situations are discussed in Sec. VI.)
In the screening region, the presence of excessive nega-
tive charge is clearly visible since the concentration of
electrons is higher then the concentration of holes (see
also Fig. 3(c)).
The mechanism of propagation is essentially the same
for nger-shaped streamers in pre-ionized gases and
solids
6;7;10{12
and plane fronts in p
+
 n n
+
 structures.
Recently superfast streamer fronts have also been found
in numerical investigations of Corbino disks made from
GaAs lms
44;45
. If the pre-ionization is rather homoge-
neous, a propagating front with nite length can emerge
7
due to the spatial prole of the electric eld: the elec-
trical eld, which exceeds the threshold of impact ion-
ization near the front, should be below the threshold at
a certain distance from the front. This provides a nite
size of the \active zone", where the impact ionization
develops, and prevents uniform blow-up of the concen-
tration in the whole sample
46
. For nger-like streamers,
such a eld prole is due to the Coulomb decrease of the
electrical eld with increasing distance from the space
charge located at the streamer tip
11;12
. For radially
symmetrical fronts in Corbino disks, the decrease of the
electrical eld E  r
 1
results from the geometry of the
concentrical two-dimensional sample
3
. In the case under
consideration, the electrical eld decreases linearly like
dE=dz = qN
d
=""
0
due to the space charge of the naked
donors in the depleted layer. The superfast ionization
front in the p
+
  n   n
+
 structure should be regarded
as a plane streamer-like front propagating into a charged
low-conducting layer.
B. The avalanche-to-streamer transition
The excitation of the superfast impact ionization front
in a semiconductor structure corresponds to the tran-
sition from the conventional avalanche scenario of im-
pact ionization breakdown
18;19
, where electrons and holes
drift apart in the applied electrical eld, to a new sce-
nario, where the collective dynamics of electron and holes
results in screening of the applied eld in some region.
It is known from experiments
23;24;26
and has been con-
rmed by our numerical simulations that this avalanche-
to-streamer transition takes place only if the voltage ap-
plied to the semiconductor structure increases faster than
a certain threshold value A
th
 10
12
V=s. A threshold
for the voltage ramp also exists for nger-like streamers
in suciently pre-ionized gases and in solids
7;11;12
. In
the case of a streamer in a bulk semiconductor that is
triggered from a needle electrode
7
, the threshold value
has the same order of magnitude of 10
12
V=s. Thus
a sucient voltage ramp represents a general condition
for an avalanche-to-streamer transition in a pre-ionized
medium
47
.
The existence of the critical voltage ramp can be under-
stood qualitatively if we assume that the pre-ionization is
uniform over the whole sample, and thus that the carrier
multiplication starts as soon as the electrical eld near
the electrode reaches the threshold value E
a
11
. During
the triggering stage, when the electron-hole plasma has
not been created yet and the space charge of mobile carri-
ers remains negligible, the \active zone", where the eld
exceeds the eective threshold of impact ionization and
carriers are generated, expands with increasing applied
voltage. If the edge of the active zone moves faster than
the drift velocity, the generated carriers remain in the
\active zone" and all of them, rst, further contribute
to impact ionization and, second, contribute to screen-
ing. Due to this trapping of the mobile carriers in the
\active zone", the initial nucleus of electron-hole plasma
can be formed. If the condition is not met, carriers drift
apart in the applied electrical eld, forming a common
avalanche, and the avalanche-to-streamer transition does
not occur. The fast expansion of the active zone requires
the application of a suciently sharp voltage ramp.
It has been shown recently
48
that for the p
+
  n  
n
+
 structure the order of magnitude value of the criti-
cal voltage ramp is given by
A
th
 E
a
v
s
: (13)
Eq.(13) bears a strong similarity to the approximate con-
dition obtained for nger-like streamers propagating from
tip metal contact in bulk semiconductor obtained in Ref.
11:
A 
E
0
v
s
ln(
0
R)
; (14)
where it is assumed that impact ionization coecients
are given by the expression (E) = 
0
exp( E
0
=E) for
both electrons and holes, and R is the radius of the metal
tip used as a contact.
VI. DISCUSSION
A. The source of initial carriers
If the voltage ramp A applied to an initially unbiased
structure is suciently large, impact ionization in the
neutral region is the dominant source of initial carriers.
The high density n  N
d
of electrons in the neutral re-
gion generates even in low elds a relatively high concen-
tration of holes that will trigger the front after traveling
through the n base. Hence triggering here can be con-
sidered as a deterministic process. Its time delay is de-
termined by the generation time of holes in the neutral
region and their travel time through the n base. Our
model here appropriately captures the physical mecha-
nisms.
The behavior changes drastically when the applied
voltage ramp A is decreased and the initial bias V
0
is
increased. The electrical eld in the neutral region then
becomes too low to generate a sucient amount of holes
and the front triggering fails. In Fig. 5 we show the max-
imum concentration of holes generated in the neutral re-
gion. This gure allows to identify in which parameter
regimes front triggering due to this mechanism is possi-
ble.
It is remarkable, that this triggering mechanism turns
out to be ineective for the parameters corresponding
to the original experiments
23{25
: high initial bias V
0

600:::1000V, long n base length W  220:::250m and
moderate voltage ramps A  1 kV=ns. This result is
in agreement with analytical estimates
49
but in contra-
diction with earlier numerical simulations
50;51;28
which
8
have been performed in the framework of the same drift-
diusion model (1), (2), (3), but without cut-os for low
concentrations in (10). The analysis of the triggering
stage shows that the switching observed in Ref. 50, 51 is
unphysical and due to the multiplication of too small con-
centrations of mobile carriers, that either appear due to
impact ionization in the neutral region or are assumed to
be present in the depleted layer due to the thermal gen-
eration. These concentrations correspond to fractions of
electrons and holes and can not be captured in a con-
tinuum approximation, as discussed in Sec. IV.E. The
numerical solutions from Ref. 50, 51 can not be repro-
duced for any meaningful cut-o n
cut
; p
cut
in the genera-
tion term (10). In particular, for parameters in Ref. 50
| W = 200m; A  1   2 kV=ns | triggering of the
front can not be explained. For parameters chosen in Ref.
51 | W = 220m, A > 3 kV=ns | impact ionization
in the neutral area is in principle sucient to trigger the
front, but numerical simulations with cut-os show that
the initial nucleus of electron-hole plasma is created not
near the p
+
 contact, but in the middle of the depleted
layer. The triggering occurs after a much longer delay
( 2 ns) than the one reported in Ref. 51 (less than 1
ns). This nucleus then expands towards the n
+
 contact,
in the direction where the pre-ionization is present, as a
superfast front, and towards the p
+
 contact, where there
is no pre-ionization, as a slow front which moves with the
drift velocity. Due to the low velocity of the second front
this process does not lead to the experimentally observed
superfast switching
23;49;25
. Ref. 28 uses the same drift-
diusion model as Ref. 50, 51, but it lacks information
about the set of parameters used in the simulations, and
thus does not allow a comparison with our simulations.
This discrepancy with the experiments
23{25
with ini-
tial bias indicates that another source of initial car-
riers becomes important. The rst source to be dis-
cussed | and excluded | is thermal generation in the
depleted layer. This estimate is based on the value
J  10
 7
A=cm
2
of the thermally generated current den-
sity at room temperature in a reversely biased structure
23
. It corresponds to a concentration of thermal carriers
of n; p  10
6
cm
 3
. This concentration is below a contin-
uum approximation: the average distance between carri-
ers exceeds 100 m and the average interval between two
generation processes is longer than 1 ns. These spatial
and temporal scales coincide with the longitudinal size
of the system and the time scale of the whole switching
process, respectively. Thus the avalanche process trig-
gered by thermal carriers, rst, would be stochastic, and,
second, would result in local switching but not in switch-
ing of the whole cross-section of the device. In contrast,
the experiments
23{25;27
show neglible deviation from one
switching to another (small jitter) and indicate that a
suciently homogeneous switching over the whole cross-
section of the device can be achieved
52
.
An alternative source of initial carriers can be sug-
gested if we take into account that the Si diode struc-
tures studied experimentally in Refs. 23{25, 27 were
manufactured according to the standard technology gen-
erally used for fabrication of power semiconductor de-
vices. Later on this technology has been shown to have
a side eect
53;54
: it creates a specic type of process-
induced deep level defects. These defects appear in the
n base during the heat treatment of the sample while
a deep p   n junction is formed
53;54
. It has been sug-
gested that these deep levels correspond to the double
donor levels of isolated sulfur centers
53;54
. The respec-
tive midgap level, coined as M-center
53{56
, has a ion-
ization energy E
M
= 0:54 eV (the band gap width in
Si E
g
= 1:12 eV)
53
. The concentration of M-centers
even in high purity n-doped samples lies in the inter-
val 10
11
  10
13
cm
 3
, thus comparable to the donor
concentration N
d
 10
14
cm
 3
, and their distribution
over the sample is reasonably uniform
53
. The most im-
portant feature of the M-center is a strong asymme-
try between the electron and hole capture cross-sections:

n
= 10
 15
cm
 3
and 
p
= 10
 20
cm
 3
, respectively
53
.
This asymmetry has two consequences: First, it makes
the M-center a perfect electron trap, since only the elec-
tron transiton from the M-center to the conductance
band and back is allowed. Second, due to the low cross-
section of hole capture, M-centers do not assist the re-
combination and hence do not inuence the life time of
the nonequilbrium carriers - one of the most important
characteristic of the material in the device applications.
Therefore their presence in the sample is generally not
controlled in fabrication, and is even widely unknown.
Capacitance transient spectroscopy studies
53
have also
revealed two other types of process induced deep-level de-
fects with ionization enegies 0:28 eV and 0:34 eV, coined
as U- and L-centers, respectively. Like M-centers, U- and
L- centers are also electron traps with low recombination
acitivity, though the asymetry of the cross-sections of
electron and hole captures is much less pronounced.
We propose that M-centers represent the most prob-
able source of initial carriers for triggering the impact
ionization front in initially biased structures for low volt-
age ramps. The respective level lies below the Fermi
level in an n-doped sample and hence M-centers are oc-
cupied at room temperature and in low electrical elds.
When a strong electrical eld is applied, trapped elec-
trons are released to the conductance band by a tunnel-
ing process. The threshold of tunneling ionization of a
midgap deep center is expected to be above the threshold
of band-to-band impact ionization ( 2  10
5
V=cm in Si)
but well below the threshold of band-to-band tunneling
ionization ( 10
6
V=cm in Si). Tunneling ionization of
M-centers starts near the p
+
 contact, where the elec-
trical eld takes its maximum value, and then develops
throughout the n base, thus providing initial carriers
both for triggering and for the superfast propagation of
the impact ionization front. It is possible that the tunnel-
ing ionization of U- and L-centers is also essential. The
corresponding model is presently under investigation.
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B. Optimal performance in pulse sharpening
applications
Triggering of superfast impact ionization fronts in Si
diodes has found important applications in pulse power
electronics for sharpening of electrical pulses
26{28
. The
most important characteristics of these sharpening de-
vices are the ratio between the rate of voltage drop at
the device during switching and the initially applied volt-
age ramp A| the so-called sharpening coecient |, the
switching time, the power per pulse and the residual volt-
age. Our one-dimensional simulations show that one of
the key points for the optimal performance is to avoid the
collision between the impact ionization and extraction
fronts. Such a collision inevitably leads to higher residual
voltages and longer switching times. The n base length
W and the applied voltage ramp A should be chosen ap-
propriately. The collision generally takes place in long
structures when the extraction front needs a long time
to travel through the n base. However, a decrease of W
lowers the maximum voltage at the device and, hence,
the power per pulse. For high voltage ramps A, the colli-
sion of impact ionization and extraction fronts is due to
an earlier triggering of the ionization front because of the
higher rate of impact ionization in the neutral area. Nei-
ther the switching time nor the maximum voltage show
a strong dependence on A, so the best sharpening coe-
cient can be achieved for the lowest value of A that still
allows for a deterministic triggering of the front. The
initial voltage V
0
also can be used as a tuning parameter.
With increasing V
0
, the initial position of the extraction
front shifts towards the n
+
 contact. Our simulations
show that in certain regimes even the small initial bias
V
0
= 50:::100 V can be sucient to avoid the collision
and to substantially improve the switching characteris-
tics.
However, another eect of the extraction front comes
into consideration when transverse degrees of freedom are
taken into account. In large-area structures, whose trans-
verse dimension (diameter) d exceeds the n base length
W , a transverse instability of ionization front should be
expected
35{37
. This instability eventually leads to cur-
rent localization and formation of local switching chan-
nels, as has been observed experimentally in Ref. 34.
It has been predicted
37
that ionization fronts propagat-
ing into a fully depleted n base are strongly unstable,
wheras in in presence of the extraction front this trans-
verse instability is suppressed. Therefore in large-area
structures the extraction front might have a two-fold ef-
fect: on the one hand, the collision of ionization and ex-
traction fronts is to be avoided, on the another hand, the
presence of the extraction front is important for trans-
verse stability. We propose that the optimal performance
can be achieved when the ionization front and extraction
front reach the n
+
-contact simultaneosly, and thus both
conditions above are satised.
C. Ionization fronts in bulk semiconductors
Our numerical simulations show that superfast impact
ionization fronts, that traditionally have been triggered
in initially biased p
+
  n   n
+
 structures, in fact can
be triggered succesfully by applying the voltage ramp to
an equilibrium structure without initial bias. This nd-
ing indicates a new possibility to trigger similar super-
fast fronts in bulk samples without any p   n junction.
Indeed, originally layered p
+
  n   n
+
 structures have
been used mainly, because the p
+
 n junction can sup-
port the initial voltage V
0
. This ceases to be necessary
when the device is operated without initial bias. Since
all relevant processes develop inside the uniformly doped
n base, triggering and propagation of impact ionization
front might be achieved in a bulk n doped sample, as
long as the contacts allow the extraction of electrons from
the sample during the delay stage.
VII. SUMMARY AND CONCLUSIONS
When a sharp voltage ramp is applied to an initially
unbiased p
+
 n n
+
 structure switched in series with a
load resistance R, after some delay an impact ionization
front is triggered. It propagates from the p
+
 contact to
the n
+
 contact, leaves a dense electron-hole plasma be-
hind and thus switches the diode structure into a high
conductivity state. During the delay period the major
carriers (electrons) are being extracted from the n base.
This happens through the propagation of an extraction
front which moves towards the n
+
 contact with the
electron drift velocity. The extraction front separates
the expanding depleted layer near the p
+
 contact from
the shrinking neutral layer near the n
+
 contact where
the major carriers still are present. The electrical eld
in the structure increases and overcomes the eective
threshould of impact ionization near the p
+
 contact, but
an avalanche breakdown in the depleted layer can not
develop due to the absence of initial carriers. Rather
a considerable impact ionization reaction starts in the
neutral layer where the electron density is high. The
generated holes drift from the neutral region through the
depleted layer towards the p
+
 contact. Avalanche im-
pact ionization by these holes then starts as soon as the
holes reach the region of high electrical eld near the
p
+
 contact. Provided that the applied voltage ramp ex-
ceeds the threshold value A  E
a
v
s
 10
12
V=s, we
observe the onset of the streamer mode of impact ioniza-
tion breakdown instead of the usual mode of avalanche
breakdown. The streamer mode is characterized by an
ecient screening of the applied electrical eld from the
generated electron-hole plasma. Already the formation
of the initial nucleus of electron-hole plasma near the
p
+
  contact is accompanied by a substantial drop of the
voltage on the device. This drop is due to the interac-
tion with the external load as the current increases. The
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voltage on the device continues to decrease as the initial
nucleus expands towards the n
+
 contact by means of an
impact ionization front. The front propagation is a col-
lective process, based on the generation of free carriers
by impact ionization and on Maxwell relaxation in the
plasma behind the front. Thus the drift velocity of indi-
vidual carriers does not limit the front velocity which can
become several times faster than the saturated drift ve-
locity v
s
. The presence of initial carriers in the depleted
region of the ionization front is a necessary condition for
the superfast propagation with v
f
> v
s
. This background
ionization is created by impact ionization in the neutral
layer. Since the velocity of the impact ionization front
exceeds the velocity of the extraction front, collision be-
tween these two fronts is possible. This collision implies
that the ionization front reaches the neutral area with
high concentration of major carriers (electrons). This
terminates the front propagation, and the remaining part
of the structure undergoes a quasi-uniform breakdown.
The impact ionization breakdown in an initially unbi-
ased structure has been demonstrated to develop qualita-
tively in the same way as it has been believed to develop
in heavily biased structures
23;24;26;28
. The reason of this
similarity is the delay in the front triggering, which takes
place due to the absence of initial carriers in the high
eld area and provides time for the extraction front to
travel along the n base and to form the depleted layer.
As a result, at the moment when the ionization front is
triggered, the eld and the concentration proles in the
device are similar to those in the initially biased struc-
tures. The essential dierence between these two regimes
is the triggering mechanism. For initially unbiased struc-
tures, during the delay stage the electrical eld in the
neutral area reaches substantially higher values. Thus
the impact ionization by major carriers (electrons) in the
neutral area is very ecient and capable to provide a suf-
cient supply of initial carriers to trigger the front. In
contrast, in initially biased structures this mechanism is
unecient. We propose that tunneling ionization of deep
electrons traps (M-centers, see Ref. 53, 54), which are
present in the Si structures studied in experiments
23;24
,
is responsible for triggering the front in initially biased
structures.
We have shown that the limits of continuum approxi-
mation should be properly taken into account when mod-
eling the process, since the multiplication of unphysically
small concentrations by impact ionization easily leads
to qualitatively wrong results. The inherent presence of
small densities of free carriers together with their impor-
tant role during the earlier stages of the process makes
the continuous drift-diusion model insucient for ac-
curate quantitative description of the process. We have
shown that in certain cases these problems can be over-
come by introducing cut-os for small concentrations in
the generation term.
The superfast ionization fronts in layered semiconduc-
tor structures belong to the large family of streamer
fronts like nger-shaped streamers and plane streamer-
like fronts in gases and solids and have the same mech-
anism of propagation as any streamer front propagating
into pre-ionized media. The essential dierence is that in
a layered doped structure the front propagates not into
a neutral but into a spatially charged depleted layer.
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FIG. 2. Voltage at the structure U(t) (solid line in the upper panel) and current I(t) = S J(t) (in the lower panel) during
the switching process. The dashed line in the upper panel denotes the externally applied voltage V (t). The shown quantities
are related through Ohm's law V = U + RI. Parameters: W = 150 m, S = 0:02 cm
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FIG. 3. The internal dynamics leading to the external characteristics of Fig. 2. Shown are the spatial proles of the electrical
eld E(x; t) and electron and hole concentrations n(x; t), p(x; t) in the n base (0  z  W = 150 m) at dierent times: (a)
propagation of the extraction front and impact ionization in the neutral layer at times t = 0:6; 1:0; 1:2; 1:4 ns (curves 1,2,3,4,
respectively); (b) nucleation of electron-hole plasma and triggering of the impact ionization front at times t = 1:47; 1:49; 1:54 ns
(curves 1,2,3); (c) propagation of the impact ionization front at t = 1:59; 1:63; 1:66 ns (curves 1,2,3) ; (d) nal stage of the
switching: collision of impact ionization and extraction fronts, curves 1,2,3 correspond to t = 1:68; 1:70; 1:73 ns. All parameters
as in Fig. 2. We note that the scale of the hole density p is a factor of 10
 3
smaller (i.e, 10
12
cm
 3
) in column (a) and that we
nevertheless skip curve 1 in this paneel, since the the hole density at t = 0:6 ns vanishes even on this enlarged scale.
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FIG. 4. Voltage at the device U(t) calculated for dierent cut-os n
cut
; p
cut
= 0; 10
6
; 10
9
; 10
10
cm
3
(curves 1,2,3,4 respec-
tively.) Curves 1 and 2 coincide within the accuracy of this graph. Other parameters as in Fig. 2.
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FIG. 5. The maximum concentration of holes generated by impact ionization in the neutral area as a function of the
applied voltage A for dierent initial biases V
0
and system lengths W . Panels (a), (b) and (c) correspond to the initial bias
V
0
= 0; 400; 1000V, respectively. Curves 1,2,3,4 correspond to the system lengths W = 150; 200; 250; 300 m, respectively.
Below the dashed line at p = 10
6
cm
 3
only few holes or fractions of holes are generated in the system (average distance between
carriers  100 m). Above the dashed line at p = 10
9
cm
 3
the concentration of holes is presumably sucient for deterministic
triggering of the impact ionization front (average distance between carriers  10 m).
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FIG. 6. (a) Voltage at the device U(t) during the switching process calculated for dierent n base lengths
W = 50; 100; 150; 200; 250m (curves 1,2,3,4,5, respectively). (b) Voltage at the device U(t) during the switching process
for dierent voltage ramps A = 1:6; 2:0; 2:6; 4:0 kV=ns (curves 1,2,3,4). Other parameters as in Fig. 2.
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FIG. 7. The inner structure of the superfast impact ionization front. The concentrations of electrons and holes (curves 1
and 2 in the upper panel, respectively) and the electrical eld (curve 3 in the lower panel) are shown at the some instant of
time. The dashed lines show the dierence of electron and hole concentration (p  n) that is proportional to the space charge
of mobile carriers (curve 4 in the upper pannel) and the impact ionization rate G (curve 5 in the lower pannel, in arbitrary
units).
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